Abstract-Flunarizine relaxed isolated canine arteries precontracted with pro staglandin (PG) F2a, epithio-methano-thromboxane A2 and K+; the relaxation was in the order of cerebral >renal>mesenteric= coronary arteries, when contracted with PGF2a or the thromboxane A2 analogue. Flunarizine-induced relaxation was unaffected by treatment with atropine, propranolol, cimetidine, chlorpheniramine, aminophylline and indomethacin, and by removal of endothelium.
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Under normoxia, flunarizine attenuated contractions elicited by Ca2+ in the K+-stimulated cerebral and mesenteric arteries that had been previously exposed to Ca2+-free media to a greater extent than that in PGF2a-stimulated preparations.
The Ca2+-induced contraction in cerebral arteries was more sensitive to flunarizine than that in mesen teric arteries.
Contractions caused by PGF2a in Ca2+-free media were not influenced by flunarizine.
In cerebral and mesenteric arteries that had been previously exposed to Ca2+-free media and severe hypoxia and then stimulated by PGF2a and Ca2+, reoxygenation produced a persistent contraction.
Flunarizine suppressed the reoxygenation induced-contraction. It is concluded that flunarizine dilates cerebral arteries predominantly over the other arteries; the vasodilatation appears to derive from an interference with the transmembrane Ca2+ influx that occurs through a voltage-dependent process and, to a lesser extent, receptor-operated channels, but not with the Ca 2+ release from stored sites.
Contraction induced by reoxygenation is expected to be due mainly to the transmembrane influx of Ca2+, which is also suppressed by flunarizine.
Cerebral vasospasm leads to a decrease in regional blood flow in the brain, causing delayed ischemic neurological deficits (1). Even when the brain subjected to prolonged ischemia is reperfused, the function of an ischemic zone is not fully restored (2); rather, morphologic cellular damage is more evident when oxygen is reintroduced by reperfusion (3). Ca2+-overload has been proposed as a potential cause of cellular dysfunction or necrosis.
Flunarizine, a Ca2+-entry blocker (4), ap pears to prevent exaggerated Ca2+-entry in ischemic brain and myocardial cells, that leads to Ca2+-overload, more strongly than the other Ca2+ entry blockers (5-7). The Ca2+ blocking action of flunarizine is reportedly more evident in cerebral vasculature than ex tracerebral vessels (8).
The present study was undertaken to com pare the action of flunarizine on isolated dog cerebral and extracerebral arteries under nor moxia and severe hypoxia and to assess the effectiveness of flunarizine on reoxygenation induced contraction of cerebral arteries ex posed to severe hypoxia.
Materials and Methods

Preparation:
Mongrel dogs of either sex, weighing 6-15 kg, were anesthetized with sodium pentobarbitone (30 mg/kg, intra venously) and killed by bleeding from the common carotid arteries. The brain, heart, kidneys and superior mesenteric artery were rapidly removed. Basilar, middle cerebral and posterior communicating arteries (0.6-0.8 mm outside diameter) were isolated from the brain; anterior descending and circumflex branches of the left coronary artery (0.9-1.5 mm) were isolated from the heart; and in trarenal, interlobar branches of the renal artery (0.6-0.9 mm) were isolated from the kidneys. Distal portions of the mesenteric artery (0.6 1.0 mm) were also isolated. The arteries were helically cut into strips, approximately 20 mm long. The specimens were fixed vertically be tween hooks in a 20 ml muscle bath contain ing the nutrient solution maintained at 37± 0.3'C and aerated with a mixture of 95% 02 and 5% CO2. The hook anchoring the upper end of the strips was connected to the lever of a force-displacement transducer (Nihon Kohden Kogyo Co., Tokyo, Japan). The resting tension was adjusted to 1.5 g, which was optimal to induce maximum contraction (9). The composition of the nutrient solution was as follows: 120 mM NaCI, 5.5 mM KCI, 25.0 mM NaHCO3, 2.2 mM CaCl2, 1.0 MM MgC12 and 5.6 mM dextrose. The pH of the solution was 7.35-7.41.
Before the start of the experiments, preparations were allowed to equilibrate for 60-90 min in the bathing media, during which time the fluids were replaced every 10-15 min.
Recording: Isometric contractions and re laxations were displayed on an ink-writing oscillograph (Nihon Kohden Kogyo Co.). The contractile response to 3x10-2 M K+ was first obtained; then, preparations were washed three times with fresh medium and equilibrat ed for 30-40 min. Before the dose-response curves for vasodilators were obtained, arterial strips were partially contracted with pros taglandin (PG)F2a, epithio-methano-throm boxane A2 (sTXA2) or K+. Vasodilator agents were added directly to the bathing media in cumulative concentrations.
At the end of each series of experiments, papaverine (10-4 M) was added to obtain the maximum relaxation (10). Relaxations induced by vasodilators relative to those by papaverine are presented. The median effective concentration (EC50) of flunarizine was calculated by taking the maximum relaxarion induced by flunarizine as 100%. Endothelium were denuded from some mesenteric arteries by rubbing the intimal surface with a cotton pellet, and the removal of endothelium was determined by an aboli tion of acetylcholine-induced relaxation. Two basilar and two mesenteric arterial strips were obtained from the same dogs. The contractile response to 3 x 10-2 M K+ was first obtained, and preparations were washed three times with the fresh medium. After the equilibration period of 30-40 min, contractile responses to PGF;a (10_5 M) or K+ (3x10-2 M) were obtained twice. The tonic con traction of the second response was taken as a control. Arterial strips were then exposed to the Ca2+-free medium containing 10--r M EGTA for 60 min, during which time, the medium was replaced twice every 20 min. After 40 min of exposure, one of the paired strips was treated with flunarizine, and 20 min later (after 60 min exposure to the Ca2+ free medium), PGF2a or K+ was added; the other strip was left untreated before the ad dition of PGF;a or K+. When the response had stabilized, Ca2 (2.2x10-3 M) was added. In some experiments, the gas mixture (95% 02 5% CO2) was replaced with 95% N+-5% CO2 after 20 min exposure to Ca2+-free media. Under severely hypoxic conditions, the partial 02 pressure of the nutrient solution was rapidly lowered from 670 mmHg to approxi mately 10 mmHg. The pH of the solution was 7.35-7.41. Twenty min after the replacement of gas mixture, one of the paired strips was treated for 20 min with flunarizine (after 60 min exposure to Ca2+-free media and 40 min under hypoxic conditions), and then PGF2a (10-5M) was added; the other strip was used as a control without flunarizine-treatment. When the response had stabilized, Ca2+ (2.2 x10-3 M) was added. After stabilization of the response, the gas was returned to 95% 02-5% CO2. When spontaneous rhythmic ac tivities were induced by treatment with PGF-a and Ca2+ in the arteries exposed to Ca2+-free media, the average values of the maximal and minimal contractions were measured. 
Results
Relaxant responses to flunarizine in iso lated arteries: In helical arterial strips that were partially contracted with PGF2a (10-6 to 3x10-3 M in cerebral and coronary arteries, 5 X 10-7 to 10-3 Min mesenteric arteries and 3 X 10-7 to 5 X 10-7 M in renal arteries), the ad dition of flunarizine in concentrations ranging from 10-8 to 10-5 M produced a concen tration-dependent relaxation (Fig. 1, left) . The maximum relaxation was attained at 10-5 M flunarizine; further increase in the concen tration to 10-4 M elicited no or only a slight additional relaxation (5 cerebral, 4 coronary, 3 mesenteric and 3 renal arteries Flunarizine (10-8 to 10-5 M) relaxed arterial strips contracted with 3 x 10-2 M K+ to a greater extent than those contracted with PG F2a and sTXA2 (Fig. 2, left) . There was no significant difference in relaxations induced by flunarizine among cerebral, renal, mesen teric and coronary arteries when contracted with K+. The EC50 values and maximum relaxant responses are demonstrated in Table  1 .
Flunarizine-induced relaxations in mesen teric arteries were not influenced by treatment with 10-7 M atropine (n=3), 10-6 M pro pranolol (n=3), 10-5 M cimetidine (n=3), 10-6 M chlorpheniramine (n=3), 2 x 10-5 M aminophylline (n=3) and 10-6 M indo methacin (n=3). The relaxant responses were also unaffected by removal of endothelium in 3 out of 3 mesenteric arterial strips. Relaxation induced by papaverine (10-q M) was taken as 100%. The mean absolute values in these arteries con tracted with K+ were 1732±183 mg (n=1 5), 2637±169 mg (n=10), 3006±340 mg (n=8) and 2306±250 mg (n=9), respectively; and the values in the sTXA2-contracted arteries were 1376±208 mg (n=18), 2558±227 mg (n=10), 3734±419 mg (n=9) and 2964±377 mg (n=11), respectively. Significantly different from values with cerebral arteries: ap<0.01, bp<0.05.
Vertical bars represent S.E.
Modification by flunarizine of contraction induced by PGF2a or K+ and Ca2+ in cerebral and mesenteric arteries exposed to Ca2+-free media under normoxia: The addition of 10-5 M PGF2a elicited a rapidly-developing, tonic contraction in cerebral arteries. The contrac tion in the control medium averaged 1417± 404 mg (n=7), which was 84.4±17.3% of the contractions induced by 3x10-2 M K+. PGF2a-induced contractions were suppress ed to 17.4±5.7% following exposure of the arteries for 60 min to the Ca2+-free medium containing 10-4 M EGTA (n=7). After the contraction was stabilized, Ca 21 (2.2x 10-3 M) was added to the bathing medium, which caused a phasic contraction followed by a tonic contraction (A and B, respectively, in Fig. 3, left) . The contractions induced by PGF2a in the arteries that had been previously exposed to the Ca2+-free medium were not significantly affected by 10-3 M flunarizine. Both the phasic and tonic contractions in duced by Ca2+ were reduced by treatment with the Ca 2+ antagonist.
Contractions in duced by 3x1 0-2 M K+ in control media (1603±187 mg, n=12) were abolished by exposure of the arteries to the Ca2+-free media containing 10-4 M EGTA. The addition of 2.2 X JO-3 M Ca 21 produced a tonic contrac tion, which was suppressed by treatment with 10-7 M flunarizine (Fig. 4, left) . In mesenteric arteries exposed to the con trol medium, PGF2a (10-5 M) produced tonic contraction (1971±330 mg, n=8), which was 73.3±11.1% of the contractions induced by 3 x 10-2 M K+. By exposure of the preparations to Ca2+-free media containing 10-4 M EGTA for 60 min, the tonic contrac tion induced by PGF7 was reduced to 18.5±3.1% (n=8). PGF2a-induced contrac tions in Ca2+-free media were unaffected by flunarizine (10-3 M and 10-5 M). The ad dition of 2.2 X 10-3 M Ca2+, after the PGF~a induced contraction was stabilized, caused biphasic contractile responses, as seen in the cerebral arteries. The phasic and tonic con tractions induced by 2.2 x 10-3 M Ca2+ were dose-dependently attenuated by treatment with 10-5 M and 10 M flunarizine. Inhibition of the phasic contraction was greater than that of the tonic one (Fig. 3, right) . The tonic contraction produced by 3 x 10-2 M K+ in mesenteric arteries (2076±262 mg, n=18) were completely abolished by exposure to Ca2+-free, EGTA (10-4M)-containing media. The addition of 2.2x 10-3 M Ca2+ elicited a tonic contraction, which was significantly reduced by treatment with 10-6 M flunarizine, but not with 10-7 M (Fig. 4, right) .
Modification by flunarizine of contractile response to PGF2a and Ca 2+of cerebral and mesenteric arteries exposed to Ca 2'-f ree media under severe hypoxia: Contractions in duced by 10-5 M PGF2a of cerebral arteries (1 524±544 mg, n=9) and mesenteric arteries (2166±292 mg, n=8) in control media were suppressed to 15.3±5.7% and 16.3±2.5%, respectively, by exposure to Ca2+-free, EGTA (10-4 M)-containing media under hypoxic conditions. After the PGF2a-induced contrac tions levelled off, the addition of Ca2+ (2.2 x 10-3 M) produced a phasic contraction fol lowed by a tonic contraction.
Typical re cordings of the response of basilar arterial strips are shown in Fig. 5 . Mean values of the phasic contraction were 99.7±26.2% (n=9) relative to the PGF2a-induced contractions in cerebral arteries exposed to control media and 71.5±12.0% (n=8) in mesenteric arteries, and those of the tonic contraction were 57.8± 8.2% (n=9) and 65.2±7.2% (n=8), respec tively. The relative values of tonic contrac tions produced by Ca2+ in hypoxic, Ca2+-free media did not significantly differ from those under normoxia in cerebral arteries (68.6± 5.2% vs. 57.8±8.2% in Figs. 3 , left, and 6), whereas in mesenteric arteries, the tonic con traction induced by Ca2+ was less in hypoxia than in normoxia (99.2±10.7% vs. 50.9±6.7% in Figs. 3, right, and 7; P`0.01). After the tonic contraction produced by Ca 2+ levelled off, changing the gas from 95% N2 t095%02 produced transient relaxations followed by persistent contractions both in cerebral and mesenteric arterial strips. The persisitent con tractions averaged 23.2±4.0% (n=9) relative to those induced by 10-5 M PGF2a in the control medium in cerebral arteries and 34.4± 7.9% (n=8) in mesenteric arteries. Treatment for 20 min with 10-6 M flunarizine in cerebral arteries did not alter the tonic contraction in duced by PGFca in Ca 2+-free media under hypoxia; however, the phasic and tonic con tractions by Ca2+ were significantly attenuated by flunarizine (Figs. 5 and 6 ). The persistent contractions produced by replacing the N2 gas with 02 were also inhibited by flunarizine. the control arteries (Fig. 5) . Inhibitions by flunarizine of the tonic contraction by Ca2+ (B in Fig. 6 ) and by reoxygenation (C) were 70.3±10.8% and 49.9±8.7%, respectively; the values were not significantly different. In mesenteric arteries, the tonic contractions pro duced by PGF2a in the Ca2+-free medium under severely hypoxic conditions were not affected by treatment for 20 min with 10-6 M and 10-5 M flunarizine (Fig. 7) . The phasic and tonic contractions induced by Ca2+ were reduced by treatment with 10-6 M and 10-5 M flunarizine in a concentration-dependent manner; however, the concentration by re oxygenation was significantly reduced only with 10-5 M flunarizine. Therefore, muscarinic, i9 adrenergic, H, and H2 histaminergic and P, purinergic receptors and PG and EDRF (endothelium-derived relaxing factor, ref. 11) related mechanisms do not appear to be involved.
Relaxations caused by flunarizine were greater in arterial strips contracted with K+ than in those contracted with PG F2a or sTXA2 . K+-induced contractions may be associated mainly with increased influx of Ca2+ across depolarized cell membranes, whereas con tractions caused by PGF2a and related agents are expected to be due to increments of Ca2+ influx through receptor-operated channels (12) and Ca2+ release from stored sites (10, 13, 14) . Contractions produced by the ad dition of Ca2+ in preparations that had been previously exposed to Ca2+-free media and depolarized by excess K+ or stimulated by PGF2a were suppressed by flunarizine (pre sent study), verapamil (15), nicardipine (16) and nifedipine (17); and the inhibitions were partially reversed by adding excess Ca2+ to the media. In the K+-depolarized preparations that had been pretreated with Ca2+-free media, the contraction elicited by adding Ca2+ was more sensitive to flunarizine and nicardi pipe than those in PGF2a-stimulated arterial strips. These findings indicate that flunarizine shares the vasodilator property with verapamil, nifedipine, diltiazem and other Ca2+ channel blockers (18, 19) . Godfraind and Miller (20) reported that flunarizine (10-8-10-5 M) had little effect on the resting exchange of Ca2+ in the rat mesenteric artery, but inhibited the contraction and the 45Ca uptake stimulated by PGF--a to a similar extent. They also found that in isolated rat aortas and mesenteric arteries, depolarization -dependent 45Ca turnover and norepinephrine-dependent 45Ca influx were blocked by flunarizine (21).
Greater relaxations of cerebral arteries than those of mesenteric arteries were produced by flunarizine, when the arterial preparations were contracted with PGF2a or sTXA2. In cerebral arteries that had been previously soaked in Ca2+-free media and stimulated by PGF2a or excess K+, the Ca2+-induced con tractions were attenuated by flunarizine to a greater extent than those of mesenteric ar teries. Among depolarized canine arteries and veins, the inhibitory effect of flunarizine on calcium-induced contractions was particularly potent in the cerebral arteries (8). Nakayama and Kasuya (7) also indicated that flunarizine had a selective vasodilator effect in rabbit basilar arteries. In the present study, the ad dition of Ca2+ to both cerebral and mesenteric arterial strips that had been exposed to Ca2+ free media and stimulated by PGF2a caused a phasic contraction followed by a tonic con traction. The transient contraction may be induced by the increased transmembrane influx of Ca2+ following long exposure to Ca2+-,free media (22) , which may depolarize the smooth muscle cell membrane (23, 24) . The sustained contraction may be derived from slowly-increasing Ca2+ influxes via the channels which are opened by receptor ac tivation. Flunarizine attenuated the sustained contraction to a lesser extent than the phasic contraction. Such a different susceptibility to the Ca2+ entry blocker may be explained by the responses associated with receptor ac tivation and with membrane depolarization plus receptor activation.
Questions as to the PG F2 a action on re ceptor-operated Ca2+ channels, which we postulated above, may be answered as fol lows: 1) If PGFza is assumed to contract the arteries by receptor-operated and voltage dependent channel openings, which equally contribute to transmembrane Ca2+ influxes, and only the voltage-dependent channel is assumed to be blocked by flunarizine, the magnitude of relaxation induced by each con centration of flunarizine in the PGF2a-con tracted arteries would be 1 /2 the relaxation in the arteries contracted with K+. However, this was not the case in the present study (cf. con centration-response curves for flunarizine in cerebral arteries contracted with PGF2a and K+ in Figs. 1 and 2 , left, respectively). 2) In isolated dog cerebral arteries, in which the cell membrane was maximally depolarized by replacing all the NaCI with KCI, PGF2a still produced a contration-related contraction in a manner similar to that seen in the arteries exposed to control media (25) . 3) PGF2a produced contractions in isolated guinea pig basilar and mesenteric arteries with no change in the membrane properties (26, 27) .
Persistent ischemia in the brain, despite reperfusion of the occluded artery, was first described by Ames et al. (28) . Ultimate brain damage resulting from transient cerebral ischemia is in part incurred during recircula tion (29) . The potentially-serious ultrastruc tural and functional derangement could be attributed to a no-reflow phenomenon which is probably caused by cellular Ca2+ accumu lation, cell swelling, tissue edema, and wash out of accumulated metabolites and elec trolytes (30) (31) (32) (33) .
White et al. (34) reported that cerebral cortical blood flow and 02 con sumption reached zero following 90 min re suscitation in dogs subjected to prolonged ischemia, in association with a progressive increase in cerebral vascular resistance. Flunarizine prevented the increase in the resistance, and it preserved the normal cerebral cortical blood flow and 02 consump tion (34) . In the present study, reoxygenation persistently contracted cerebral arteries pre viously exposed to severe hypoxia and stimu lated by PGF:a. These contractions are ex pected to be due mainly to the transmem brane influx of Ca2+, since reoxygenation induced contractions are markedly greater in cerebral arteries stimulated by PGF;a Plus Ca2+ than in those stimulated only by PGF2a in Ca2+-free media (N. Toda, unpublished data). These findings may indicate that in creased vascular resistance by reperfusion of the occluded artery in the brain is, at least in part, due to cerebral vasoconstriction caused by intracellular increase in Ca2+, which is ex pected to be prevented by treatment with flunarizine. of Ca-dependent responses of smooth and cardiac muscles by flunarizine. Japan. J. Phar macol. 30, 731-742 (1980) 
